Previous studies of the biodegradation of nonpolar nitroaromatic compounds have suggested that microorganisms can reduce the nitro groups but cannot cleave the aromatic ring. We report here the initial steps in a pathway for complete biodegradation of 2,4-dinitrotoluene (DNT) by a Pseudomonas sp. isolated from a four-member consortium enriched with DNT. The Pseudomonas sp. degraded DNT as the sole source of carbon and energy under aerobic conditions with stoichiometric release of nitrite. During induction of the enzymes required for growth on DNT, 2,4-Dinitrotoluene (DNT) is the major impurity resulting from the manufacture of 2,4,6-trinitrotoluene (TNT) and is a primary starting material for the synthesis of toluenediisocyanate, which is used in the production of polyurethane foam. Wastes from these processes have contaminated waterways and soils, and because of its toxicity, DNT is listed as a priority pollutant by the U.S. Environmental Protection Agency (14).
2,4-Dinitrotoluene (DNT) is the major impurity resulting from the manufacture of 2,4,6-trinitrotoluene (TNT) and is a primary starting material for the synthesis of toluenediisocyanate, which is used in the production of polyurethane foam. Wastes from these processes have contaminated waterways and soils, and because of its toxicity, DNT is listed as a priority pollutant by the U.S. Environmental Protection Agency (14) .
The biodegradation of polar nitroaromatic compounds by bacteria has been studied in a number of isolates. p-Nitrophenol (25) and o-nitrophenol (31) undergo an initial attack by a monooxygenase which results in the release of nitrite and the formation of the corresponding dihydroxy compound. In contrast, m-nitrophenol is first reduced to the corresponding aminophenol, which is further degraded by an unknown mechanism (31). 3,5-Dinitro-2-methylphenol (dinitro-o-cresol) can be degraded via either the oxidative (12) or the reductive route (29) . Nitrobenzoates appear to be degraded primarily by the oxidative pathway (5, 6) .
In contrast to the nitrophenols and nitrobenzoates, nonpolar nitroaromatic compounds such as nitrobenzene and the nitrotoluenes are more resistant to microbial attack. Early work suggested that reduction was the primary reaction mediated by microorganisms. Thus, McCormick et al. (17, 18) identified azoxy compounds and amino derivatives from the biotransformation of di-and trinitrotoluenes and Liu et al. (16) identified amino and nitroso compounds from anaerobic biotransformation of DNT. Similarly, nitrobenzenes and nitrotoluenes were reduced in sewage (13) ; however, none of the reduction products seemed to be further degraded, and in many instances they were more toxic than the parent nitro compounds. Dey et al. (8) Strains were characterized by using standard procedures (22) and with Biolog GN Microplates (Biolog, Inc., Hayward, Calif.). Auxanography (20) was used to screen DNTdegrading strains for ability to grow on other nitroaromatic compounds.
Cultures were maintained on a minimal salts medium (MSB) (24) (26) with the following modifications. Cells grown overnight on DNT and acetate (0.02 M) were suspended to a final density of 0.36 A600 unit (0.086 mg of protein per ml) in 500 ml of MSB. The suspensions were allowed to equilibrate with 1802, and DNT (500 mg/ml in N,N-dimethylformamide) was added to a final concentration of 5.5 x 10-' M. An identical control culture was incubated in air and monitored by high-performance liquid chromatography (HPLC; see below) for DNT disappearance and metabolite appearance. After 2.5 h, cells were removed from the culture by centrifugation and metabolic products were extracted from the supernatant and analyzed by HPLC and gas chromatography-mass spectrometry (GC-MS).
Isolation of metabolites. Cells were grown overnight with stirring and aeration at 30°C in 8 liters of MSB containing succinate (2 g/liter). Cells were harvested and washed by filtration with a Pellicon Cassette System (Millipore Corp., Bedford, Mass.) equipped with a 0.45-,um-pore-size Duropore cassette. Cells were suspended in 12 liters of MSB supplemented with DNT (100 mg/liter) and incubated at 30°C with aeration and stirring for 10 h, and then an additional 500 mg of DNT was added to the culture. The cells were removed by filtration after a total of 26 h of incubation. The culture fluid was extracted with ethyl acetate, the extract was dried over anhydrous sodium sulfate, and the ethyl acetate was removed by flash evaporation at 30°C.
The primary metabolite was removed from the residue by repeated washings with small volumes of water and then extracted from the water with ethyl acetate. The solvent was removed by flash evaporation, and the dried residue was taken up in acetonitrile-water (3:7) and purified by semipreparative HPLC.
Analytical methods. Protein was measured by the bicinchoninic acid method (23) . Nitrite release was measured as described by Smibert and Krieg (22) .
HPLC analyses were performed on a Spherisorb C8 column (Alltech, Deerfield, Ill.) with acetonitrile and trifluoroacetic acid (13.5 mM) as the mobile phase. The elution gradient was 25% acetonitrile and 75% aqueous trifluoroacetic acid changed to 50% acetonitrile and 50% aqueous trifluoroacetic acid over 15 min with a flow rate of 1.5 ml/min. All compounds were detected by UV A230 with an HP1040A diode array detector (Hewlett-Packard Corp., Palo Alto, Calif.). Semipreparative HPLC was performed on a Zorbax octyldecyl silane column (9.4 by 250 mm; DuPont Co., Wilmington, Del.). The gradient consisted of 40% acetonitrile and 60% aqueous trifluoroacetic acid changed to 50% acetonitrile and 50% aqueous trifluoroacetic acid over 10 min with a flow rate of 3.5 ml/min.
Hydroxylated compounds were derivatized with bistrifluoromethylsilylacetamide (Pierce Chemical Co., Rockford, Ill.) and identified by GC-MS with a Ribermag R-10-10 or an HP5890 GC-MS system and a 30-m DB-5 fused silica capillary column.
Liquid the transient appearance of a more polar, yellow metabolite and nitrite release was delayed (Fig. 2) . CFU increased only in cultures with DNT. Cultures differing only in the concentration of DNT added showed proportionally greater increases in CFU at the time of complete DNT removal (data not shown). Differences between numbers for tryptic soy agar and DNT agar plates were not significant.
The above-described experiment was repeated on a larger scale, and the yellow metabolite was extracted and purified. The product (350 mg) isolated from batch culture was judged to be pure by HPLC. Analysis by liquid chromatography-MS revealed an apparent molecular ion of 169 and a base peak of 152, which is typical of the loss of a hydroxyl group expected in the case of an aromatic nitro group ortho to a methyl group (4) (Fig. 3) . The trimethylsilyl derivative, analyzed by GC-MS, gave an apparent molecular ion of 313, a base peak of 73 because of the trimethylsilyl group, and a major fragment at 296 (loss of the hydroxyl group [ Fig. 4A] (Fig. 4) .
Metabolism of MNC. When the extracted and purified MNC was incubated with suspensions of DNT-grown cells (0.3 A6. unit), it was rapidly degraded with the release of 1 mol of nitrite (Fig. 5) . Identical results were obtained with the synthetic MNC.
Respirometry. Washed suspensions of DNT-grown cells rapidly oxidized DNT, MNC, and 1,2,4-benzenetriol (Table  1) . Lower rates of oxygen consumption were seen when 2-nitrotoluene, 4-nitrocatechol, and 3-methyl-4-nitrophenol were provided as substrates. Acetate-grown cells showed no oxygen consumption with DNT or MNC.
Metabolism of other nitrotoluenes. DNT-grown cells transformed 2,3-dinitrotoluene, 2,6-dinitrotoluene, 3,4-dinitrotoluene, and TNT more slowly than DNT ( the replacement of the nitro group by a hydroxyl group. Recently, it has been suggested that a dioxygenase attack might be involved in the displacement of a nitro group from 2,6-dinitrophenol (9) . We have clearly shown here that the 4-nitro group of DNT is displaced as a result of a 4,5-dioxygenation of the parent molecule (Fig. 6 ). To our knowledge this is the first demonstration of removal of an aromatic nitro group by the action of a dioxygenase and the first demonstration of a dioxygenase attack on a nonpolar nitroaromatic compound. The initial dihydroxy intermediate would be expected to spontaneously eliminate nitrite and rearrange to form MNC. Although there was no evidence of accumulation of the proposed dihydroxy cyclohexadiene, the participation of such an intermediate is postulated on the basis of the 1802 incorporation experiment described in Fig. 4 and by analogy with other systems involving dioxygenase enzymes (11) . The reaction would be analogous to that proposed for the removal of the sulfonyl group from naphthalenesulfonic acids (3) . Several other functional groups are known to be eliminated from the aromatic ring either directly or indirectly by the action of dioxygenases. Removal of carboxyl (21) or acetyl (3) groups require the participation of a dehydrogenase for conversion of the dihydroxy intermediate to the corresponding catechol, whereas elimination of sulfonyl (3) and hydroxyl (3, 26) groups appears to be (27) . Preliminary experiments with other nitrotoluene isomers indicate that enzymes induced by growth on DNT can catalyze the transformation of 2,3-dinitrotoluene, 3,4-dinitrotoluene, and TNT. Additional investigation will be necessary to identify the products of these transformations. The ability of Pseudomonas sp. strain DNT to use DNT as a carbon source suggests that it may be useful in a treatment system for removal of nitrotoluenes from contaminated soils or from industrial waste streams. The metabolic pathway involving oxidative removal of the nitro groups avoids the accumulation of toxic amino derivatives, and mineralization of the DNT indicates that no organic residues remain. Development of a treatment system will require additional studies on the survival of the organism and on the kinetics and regulation of the catabolic reactions.
